Aims Due in part to biophysical sized-related constraints, insects unlike vertebrates are seldom expected to act as primary seed dispersers via ingestion of fruits and seeds (endozoochory). The Mediterranean parasitic plant Cytinus hypocistis, however, possesses some characteristics that may facilitate endozoochory by beetles. By combining a long-term field study with experimental manipulation, we tested whether C. hypocistis seeds are endozoochorously dispersed by beetles. † Methods Field studies were carried out over 4 years on six populations in southern Spain. We recorded the rate of natural fruit consumption by beetles, the extent of beetle movement, beetle behaviour and the relative importance of C. hypocistis fruits in beetle diet. † Key Results The tenebrionid beetle Pimelia costata was an important disperser of C. hypocistis seeds, consuming up to 17 . 5 % of fruits per population. Forty-six per cent of beetles captured in the field consumed C. hypocistis fruits, with up to 31 seeds found in individual beetle frass. An assessment of seeds following passage through the gut of beetles indicated that seeds remained intact and viable and that the proportion of viable seeds from beetle frass was not significantly different from that of seeds collected directly from fruits. † Conclusions A novel plant -animal interaction is revealed; endozoochory by beetles may facilitate the dispersal of viable seeds after passage through the gut away from the parent plant to potentially favourable underground sites offering a high probability of germination and establishment success. Such an ecological role has until now been attributed only to vertebrates. Future studies should consider more widely the putative role of fruit and seed ingestion by invertebrates as a dispersal mechanism, particularly for those plant species that possess small seeds.
INTRODUCTION
Seed dispersal by animals is a complex mutualistic interaction involving a great diversity of plant and animal species with significant ecological and evolutionary consequences for plant community structure and function (Howe and Smallwood, 1982; Schupp, 1993; Herrera, 2002) . Vertebrates, mainly birds and mammals, are the main seed dispersers in most plant communities, carrying seeds either internally (endozoochory, seeds consumed and passed through the gut) or externally (epizoochory, barbed or sticky seeds attached to their fur/feathers) (van der Pijl, 1982; Herrera, 1995; Corlett, 2002) . With the exception of ants, which are recognized as important seed dispersers in a wide variety of habitats (e.g. Levey and Byrne, 1993; Wolff and Debussche, 1999; Rico-Gray and Oliveira, 2007) , seed dispersal by invertebrates has received comparatively little attention. However, a number of studies have demonstrated that in addition to ants, other insects (including beetles) play an important role in the dispersal of seeds. Of these, dung beetles (Scarabaeidae: Coleoptera) act as secondary seed dispersers by moving and burying seeds embedded in vertebrate faeces, reducing the probability of rodent seed predation and simultaneously increasing seedling establishment (Estrada and Coates-Estrada, 1991; Andresen and Levey, 2004 ). Seed size is thought to limit the interaction between plant and dispersal agent (Hughes et al., 1994; Westoby et al., 1996) , such that insects are not expected to play the role of primary seed dispersers via fruit ingestion due to purely biophysical sized-related constraints. Two apparent exceptions to this general pattern are the New Zealand large endemic flightless grasshoppers Hemidenina crassidens (Anostostomatidae) and Zealandosandrus maculifrons (Stenopelmatidae), commonly known as Weta, that consume the fleshy fruits of several plant families and disperse seeds by endozoochory (Burns, 2006; Duthie et al., 2006; King et al., 2010 ; but see Wyman et al., 2010) . It seems unlikely, however, that this is the only instance of endozoochory involving invertebrates. Endozoochorous seed dispersal by 'medium-sized' insects could be feasible whenever fruits and seeds are small enough to attract invertebrates and be ingested and later defecated intact after passage through the gut.
Cytinus hypocistis (Cytinaceae) is a Mediterranean perennial parasitic plant, inflorescences of which burst through the host tissues at ground level (de Vega et al., , 2009 ). The berry-like fruits ripen from May to July and contain thousands (approx. 25000) of minute seeds (approx. 200 mm in length) embedded in juicy pulp (de Vega et al., 2009) . In recent years, a comprehensive study has been carried out on the ecology, reproductive biology, anatomy and population genetics of this parasite (de Vega et al., , 2008 (de Vega et al., , 2009 ) and during the course of observations conducted around Doñana National Park (south-west Spain), some species of beetles were observed eating its ripe fruits (de Vega, 2007) . Beetles are important components of the ground insect fauna of such areas, and include herbivorous and detritivorous species (de los Santos et al., 1988; Lobo et al., 1998; Cárdenas and Hidalgo, 2006) . In other parts of Spain, beetles have been observed consuming the pulp of fruits of several species (e.g. Traveset and Riera, 2005; de la Bandera and Traveset, 2006) , although the size of the seeds involved was too large for beetles to ingest and disperse them endozoochorously. In contrast, Cytinus possesses some characteristics that may facilitate the existence of primary seed dispersal by beetles. First, the seeds have a rigid, thick coat (Guzowska, 1964; Bouman and Meijer, 1994) and are small enough to be ingested and defecated intact; second, fruits are borne at ground level; and third, fruits ripen in late spring and summer when many species of beetle are most abundant (de los Santos et al., 1982 Santos et al., , 1988 de Vega, 2007) . The aim of this study was to test whether Cytinus seeds are endozoochorously dispersed by beetles, a phenomenon which would represent a novel seed dispersal system in angiosperms.
Specifically we addresses three main questions.
(1) Does beetle behaviour favour efficient seed dispersal with regard to the quantity factor (number of seeds dispersed) and quality factor (viability of seeds after passage through the gut and movements away from the parent plant to suitable sites)? (2) Are there spatial and temporal variations in the importance of beetles for seed dispersal? (3) What is the ecological relevance of this plant -animal mutualism? We combine a long-term field observation study conducted over 4 years with experimental treatments at six study sites to examine this hitherto unreported plant -beetle interaction.
MATERIALS AND METHODS
Study species and study area Cytinus hypocistis (L.) L. is a root holoparasite with a vegetative body reduced to an endophytic system contained entirely within the root of their Cistaceae host plants (de Vega et al., , 2008 . In spring, the inflorescences burst through the host tissues and present around six male flowers at basal positions and a similar number of female flowers distally (de Vega, 2007) . Ants are the main pollinators of C. hypocistis, and plants exhibit a high fruit-set and seed production under natural conditions (de Vega et al., 2009) . The fruits that ripen from May to July contain thousands of minute seeds embedded in pulp (de Vega et al., 2009) . Two stages in the ripe fruits were recognized: ripe juicy fruits (yellow) and ripe dry fruits (brown). In the study region, the yellow, fleshy fruits are consumed by wood mice (Apodemus sylvaticus) and European rabbits (Oryctogalus cuniculus), both of which defecate the seeds with no external sign of damage (de Vega, 2007) . When fruits are brown and dried, the dry pulp seems to play the role of an elaiosome and seeds are removed by ants (mainly Aphaenogaster senilis, Crematogaster auberti and Pheidole pallidula; de Vega, 2007 ) . We selected three host species, because each of them is parasitized by a different genetic race of C. hypocistis (de Vega et al., 2008) . The studied populations were separated by 0 . 5-2 . 5 km and were located at 80-90 m a.s.l. Cytinus hypocistis on the host C. ladanifer occurred on clay soils, and vegetation consisted on mixed woodland of Pinus pinea L. and Quercus suber L. Populations of C. salviifolius were on sandy soil and vegetation consisted of a dense forest of Q. suber with scattered individuals of P. pinea. Populations of C. hypocistis on H. halimifolium were on sandy soils and the vegetation consisted of woodland of P. pinea.
Field experiments
Field observations revealed that two species of beetles fed on fruits of C. hypocistis, Pimelia costata Waltl. (Tenebrionidae), an Ibero-Balearic endemic (Bruvo-Madaric et al., 2007) , and Calathus granatensis Vuillefroy (Carabidae), an Iberian endemic (Serrano et al., 2003) . Pimelia costata was observed during the whole study period, while C. granatensis was much less abundant, being observed only in two populations (Cs1 and Hh1) and only in 2002. The importance of C. granatensis in the dispersal of C. hypocistis fruits seems to be quite low (only 0 . 06 % of fruits were dispersed by this species) and hereafter all observations and experiments will refer to P. costata.
Observations were conducted 3-4 times per week in infructescences freely exposed to dispersal agents in the populations Cl1, Cl2, Cs1, Hh1 and Hh2 in 2002 , and in Cs2 in 2002 In each study year, the interaction between C. hypocistis and P. costata was assessed by recording the rate of natural fruit consumption, the time spent in completely eating a fruit, number of individuals feeding on the fruits, their period of activity and their behaviour. The total number of fruits recorded was 5357 (Table 1) .
To assess the relative importance of Cytinus fruits in the diet of P. costata, 82 individual beetles were captured in 2003 and 2005 in the populations Cs1, Cs2, Hh1 and Hh2 (no beetles were observed in the populations Cl1 and Cl2). Beetles were located by walking through the populations and were captured in situ by hand. Each beetle was immediately placed in a small plastic container (8 . 5 × 5 . 5 × 4 . 5 cm) kept in shade and semi-buried for 6 -8 h, during which time the beetles defecated. Frass from each box was separated in labelled vials and inspected under a binocular microscope in the laboratory to check for the presence/absence of Cytinus seeds. In total, 717 frass samples were examined and, in those containing seeds (n ¼ 189; 26 . 4 %) the total number of intact seeds was counted.
de Vega et al. -Endozoochory by beetlesAdditionally, the extent of beetle movements was investigated by capture -mark -recapture in 2002 -2003 . In populations Cs1, Cs2 and Hh2, 72 individual beetles (in total, all populations combined) were marked with enamel paint, which was persistent and non-toxic and efficient in marking other darkling beetles (e.g. Fallaci et al., 1997) . We painted each beetle in the field, with a unique combination of spots on the elytra, and immediately released the marked beetles in the place where they were initially captured. The presence of marked beetles was recorded by 15 walking surveys in each study population from May to July. A minimum of five different transects were undertaken in each population per survey, and each transect was 100 m long and any marked beetle within 2 m on either side of the transect was captured in order to record their code before immediate release. The same beetle was only registered once per survey. Each population was sampled at intervals of 5 d. Beetle surveys were made in the morning (0700 -1100 h), at the peak time of beetle activity.
Feeding experiments in the laboratory
Fifteen P. costata were collected in the field and used in feeding experiments in which beetles were retained in glass containers containing moist filter paper (20 mm diameter). Two Cytinus fruits were offered to each beetle, and the containers were inspected every 2 d for frass. Frass samples were collected with tweezers and stored in Petri dishes. Eight to 12 frass from each individual were inspected for seeds under a microscope and the total number of seeds was counted. Feeding experiments were conducted in 2005 from June to July.
Germination experiments
Ripe Cytinus fruits were collected in populations Cl1, Cs1 and Hh1 in 2002 -2005 . A minimum of 50 fruits were collected per population and year; fruits from the same population and year were mixed and stored in paper bags from collection until further processing. One hundred fruits of each of the Cistaceae host species C. ladanifer, C. salviifolius and H. halimifolium were collected in the same populations and stored in paper bags at room temperature.
In an attempt to promote germination, 18 different seed germination treatments were applied. We investigated the germinability of undispersed seeds of Cytinus hypocistis collected from fruits, and that of seeds dispersed by beetles, and each experiment included four replicates. For a detailed description of experimental designs, see Supplementary Data (available online). After the treatments, seeds were set to germinate in a germination chamber (Ibercex Mod.F-1, ASL, SA, Madrid, Spain) over 7 months.
Additionally, germination assays were carried out in the field using a modification of the design of Rasmussen and Whigham (1993) . Cytinus seeds were placed into packets constructed from 40 × 60 mm rectangles of stainless steal mesh that were folded once and clipped into 2 × 2 × 36 mm plastic slide mounts. The mesh pore size of 50 mm retained the seeds, but allowed them to experience the physicochemical conditions of the substrate and contact with soil microorganisms. Approximately 500 Cytinus seeds collected from fruits or 100 seeds from beetle frass were placed in each packet. Seed packets were buried in the soil and placed in contact with Cistaceae host plant roots. A set of three packets of seeds collected from fruits from the three different C. hypocistis races, and one packet with seeds from frass, were placed in contact with each host plant root. Each set of seed packets was buried under eight plants of each host species, distributed in three populations (Cl1, Cs1 and Hh1). In total, we used 72 packets with seeds collected from fruits and 24 packets with seeds collected from beetle frass. A preliminary harvest of two sets of packets was taken from each host species after 1 month. After collection, the packets were gently washed with water and kept moist in sheets of wet filter paper for 1 d before examination. The slide mount was opened and the presence or absence of germination was recorded under a dissecting microscope. As no seed germination was observed, the following day those two packets were buried in the field, in the same places where they were collected. Half of the packets were retrieved 3 months later, observed as explained above, and buried in soil after 2 d. All packets were collected 6 months later. All seeds from frass used in this experiment were obtained from beetles fed exclusively with C. hypocistis fruits in the laboratory.
Seed damage
Seed mechanical damage due to the mastication or chewing process is a common phenomenon for many plant species (Bertness et al., 1987; Overdorff and Strait, 1998; Furedi [Franklin (1945;  modified by Kraus and Arduin, 1997) , a mixture (1 : 1) of 30 % hydrogen peroxide and glacial acetic acid] and Jeffrey's fluid [Johansen (1940) , composed of a mixture (1 : 1) of nitric acid and 10 % chromic acid]. These fluids caused sufficient seed coat rupture to allow Herr's clearing fluid [Herr (1971) , lactic acid (85 %), chloral hydrate, phenol, clove oil and xylene (2 : 2 : 2 : 2 : 1, by weight)] to clear the seed tissues, permitting effective observation of the embryo.
Seed viability
Following Copeland and MacDonald (2001) , viability is 'the degree to which a seed is alive, metabolically active, and possesses enzymes capable of catalyzing metabolic reactions needed for germination and seedling growth'. We used two different methods to test seed viability in C. hypocistis seeds. First, a 2,3,5-triphenyl tetrazolium chloride (TTC) staining procedure was used following a modified version of the biochemical viability test of López Granados and García Torres (1999) . The TTC test distinguishes between viable and non-viable seeds on the basis of their respiration in the hydrated state (Cottrell, 1947) . TTC is a white salt that turns from colourless to the pink/red formazan in living cells in the presence of cellular respiration (Copeland and McDonald, 2001) , and, accordingly, a red coloration of a seed indicates viability, as dead and necrotic seeds remain uncoloured.
Seeds were sterilized for 30 min in 10 % (v/v) commercial bleach before being washed three times in distilled water and then immersed in a 1 % (w/v) solution of TTC (Sigma) in pH 7 water adjusted with 1 M NaOH. Vials with the seeds were wrapped in aluminium foil and incubated for 15 d at 30 8C. Finally, to bleach the seeds, they were soaked in 50 % (v/v) commercial bleach for 10 min, which allowed the internal content to be observed. Seeds completely stained red or dark pink were scored as viable, and those that remain unstained as non-viable. In total, 828 seeds from frass and 324 seeds from fruits were observed under the microscope.
The other method involved the use of fluorescein diacetate (FDA) staining by a modification of the procedure of Pritchard (1985) . FDA enters the living cells where it is hydrolysed by esterase enzymes to give fluorescein, and allows a rapid determination of seed viability (Rasmussen, 1995) . Seeds were surface sterilized for 5 min in 10 % (v/v) commercial bleach, rinsed three times in distilled water and incubated in distilled water for 24 h at room temperature. Following incubation, seeds were sandwiched between two microscope slides and rotated in opposite directions to break and remove the seed coat, and then mixed 1 : 1 (v/v) with FDA 0 . 25 % (w/v) in pure acetone. Seeds were viewed under UV-fluorescence microscopy (Nikon eclipse 80i), and only embryos showing a uniformly brilliant yellowish green fluorescence were considered to be viable. In total, 280 seeds from frass and 187 seeds from fruits were subjected to the FDA test and observed under a microscope.
For both procedures, seed viability of ingested seeds was compared with those collected directly from fruits from the same population and year, and with autoclaved seeds that were treated as control.
Statistical analysis
Differences between populations in the frequency of beetle frass containing seeds were analysed using log-linear analysis of frequency tables, and the (log-transformed) number of seeds per frass was compared among populations by means of a one-way ANOVA. The frequency of beetles that consumed C. hypocistis fruits was compared among populations using loglinear analysis of frequency tables, and the (log-transformed) number of seeds per frass obtained in the laboratory and in the field was compared by means of one-way ANOVA. Viability differences between seeds from fruits and frass were compared using chi-square tests for the TTC and FDA procedures. No statistical test was used for germination experiments as all attempts to germinate C. hypocistis seeds were unsuccessful. All statistical analyses were performed in Statistica 6 . 0, version 6 (http:// www.statsoft.com). Throughout the text, results are presented as mean + s.e.
RESULTS

Spatio-temporal variations in beetle distribution and fruit consumption
Pimelia costata was observed feeding on C. hypocistis fruits in four of the six study populations (Cs1, Cs2, Hh1 and Hh2) during the whole study period, but never in populations Cl1 and Cl2.
The frequency of fruit consumption by P. costata differed between seasons and sites ( Table 1 ). The percentage of fruits consumed by P. costata (when present) ranged from 0 . 81 % in population Cs1 in 2003 to 17 . 52 % in population Hh1 in the same year (Table 1) . We found significant differences among populations in the frequency of fruits consumed by beetles when data for each site were combined across all study years (x 2 3 ¼ 2653 . 6, P , 0 . 0001), with populations Hh1 and Cs1 having the highest and lowest frequency of fruit consumption by beetles, respectively. Within populations, we found temporal variations in the frequency of fruits consumed each year (P , 0 . 0001 in all cases; Table 1 ).
Beetle foraging activity
Pimelia costata were diurnal with most fruit consumption occurring in the morning (0700 -1100 h) and late evening (1900 -2100 h). During the middle of the day, when the temperatures at ground level can reach more than 50 8C, activity drastically decreased and beetles disappeared by burying themselves in the sand.
de Vega et al.
-Endozoochory by beetles
In contrast to mice and rabbits, which selectively consume yellow-fleshy fruits with a sticky pulp (de Vega, 2007) , P. costata were observed consuming ripe brown fruits with dry pulp in which thousands of seeds were embedded (Fig. 1A, B ). Beetles were also observed feeding on whole ripe fruits, and on fruits partially consumed by wood mice, and also co-occurred with ants on the infructescence. Beetles fed on the C. hypocistis fruits or infructescences both alone or in groups of up to five individuals, and often returned repeatedly to the same fruit for several days until the dry pulp with embedded seeds was emptied. Based on observations of marked beetles, P. costata individuals spent a mean time of 9 . 5 + 2 . 9 d (n ¼ 15; range 1 -29 d) to completely consume a fruit in the field.
Increasing temperatures during the middle of the day forced Pimelia to leave fruits after pulp ingestion seeking thermal shelters. Beetles were observed waking away from the feeding site (sometimes up to 50 m) until they buried themselves in the sand. This also resulted in movement of the seeds from the immediate vicinity of a parent plant. Despite the observed movement of beetles, the foraging activity of P. costata in our study system was spatially restricted to small areas. Eighty-four per cent of marked individuals were repeatedly observed foraging in the populations where they were captured and marked, and we did not record any movement of individuals among populations.
Importance of C. hypocistis to beetles
Cytinus fruits were an important part of beetle diet in late spring and summer. In the field, 46 . 3 % of live-trapped individuals (n ¼ 82) had consumed C. hypocistis fruits before capture, as revealed by the presence of seeds in their faeces while still in the traps (Fig. 1C) . Each individual we collected in the field defecated from one to 39 frass in the plastic containers, and C. hypocistis seeds occurred in 26 . 4 % of frass samples analysed (n ¼ 717), with the number of seeds per frass ranging from one to 31 (mean ¼ 8 . 5 + 0 . 5, n ¼ 189; Table 1 ). We found no significant differences among populations in the frequency of beetles with frass containing C. hypocistis seeds (x 2 4 ¼ 4 . 81, P ¼ 0 . 307), but there were significant differences among populations in the number of seeds per frass (F ¼ 5 . 48, d.f. ¼ 3, P ¼ 0 . 001; Table 1 ).
When beetles were fed exclusively with fruits of C. hypocistis in the laboratory, they defecated a higher number of seeds per frass, ranging from 45 to 294 (mean ¼ 110 . 43 + 4 . 73, n ¼ 130). As expected, there were significant differences in the number of seeds in the frass collected in the field and in the laboratory (F ¼ 953 . 06, d.f. ¼ 1, P , 0 . 0001).
Seed damage
Observation under a binocular microscope revealed that all seeds recovered from frass, both from the field and from the laboratory, remained intact (Fig. 1D) . Broken seeds were never detected in frass (n ¼ 847). Microscopic examinations using the technique described by de Vega and Oliveira (2007) revealed that defecated seeds had normal embryos (i.e. not deformed). All seeds examined presented a small embryo composed of about ten cells surrounded by an endosperm composed of larger cells (Fig. 1E) , similar to those of non-ingested ripe fruits (see Guzowska, 1964; de Vega and de Oliveira, 2007) (Fig. 1E ).
Seed germination
All attempts to germinate ingested and non-ingested C. hypocistis seeds were unsuccessful, both in the laboratory and in the field. We did not observe any seed with a protruding radicle. After 7 months of laboratory experiments, the majority of the seeds showed signs of fungal contamination. In the same way, most seeds that were buried in the soil turned dark green or black and showed fungal contamination, including abundant greenish cottony mycelium.
Seed viability
The two methods for assessing viability indicated that seeds recovered after ingestion by beetles remained viable ( Fig. 2A,  B ). Following staining with TTC, viable embryos of C. hypocistis appeared dark pink or red ( Fig. 2A) , whereas seeds with white or yellowish contents were considered to be non-viable. Autoclaved control seeds did not respond to TTC and remained unstained. Samples arising from unconsumed fruits had a similar proportion of viable seeds as those from beetle frass (8 . 03 and 11 . 84 %, respectively, x 2 1 ¼ 3 . 52, P ¼ 0 . 061, n ¼ 1142) based on the TTC test.
FDA-stained embryos that fluoresced bright yellowish green were considered viable, whereas no staining was observed in non-viable seeds, as was the case with autoclaved control seeds (Fig. 2B) . The proportions of viable seeds from fruits and frass were 32 . 1 and 30 %, respectively, and the difference was not statistically significant (x 2 1 ¼ 0. 23, P ¼ 0 . 632, n ¼ 467). Despite the two chemical staining procedures showing different levels of seed viability, of more importance is that in both procedures the percentages of seed viability from fruits and frass were statistically not significant.
DISCUSSION
This study reveals a new seed dispersal mode involving a parasitic plant, which produces fruits with thousands of minute seeds, and a beetle species that consumes their fruits and defecates intact and viable seeds. Our data suggest that this interaction could be regarded as a mutualism, in that both partners benefit from the association; P. costata obtains energy and nutrients from the pulp, and C. hypocistis achieves seed movement away from the parent plant.
Comparisons of different populations over several years revealed, however, that the importance of this interaction was not constant, with striking spatial and temporal variations in beetle distribution and fruit consumption. Numerous ecological factors, such as vegetation type, shrub cover, temperature, or soil type, may determine local abundance of beetles (Burel, 1989; Stapp, 1997; de los Santos et al., 2002) . Pimelia costata shows a clear preference for sandy substrates (Cárdenas and Hidalgo, 2006) , and in our study soil type seems to be an important factor determining beetle presence. Plants in four populations in which beetles were common grow on sandy soils, and P. costata responded to near-lethal ambient temperatures in these populations (up to 50 8C) by digging and burying themselves in the sand. However, plants in two other populations occurred on clays, and the severely compacted soils in summer months may constrain beetle occupation of such populations due to their inability to dig into the soil for thermal shelter.
Spatio-temporal variations in P. costata population size have not been estimated in this study, as our focus here was not on the population dynamics of the beetle, but rather on the overall importance of this mutualism for both partners. However, it seems reasonable to suggest that observed variations in the proportion of fruits consumed were related in part to interannual population size variation of P. costata, a trend that occurs in other Pimelia species (Fallaci et al., 1997) . It must be kept on mind, however, that variation in fruit consumption by beetles also depends on the fluctuation of abundance of other consumers of C. hypocistis fruit. For example, the absence of fruit consumption by beetles at one site (Hh2 in 2002) was due to the unusual abundance of wood mice (de Vega, 2007) , which nearly consumed all fruits before they were available for beetles.
Pimelia costata showed a pattern of diurnal activity similar to other Pimelia species in the Mediterranean Basin (Fallaci et al., 1997) , avoiding the middle of the day when temperatures are highest. The foraging activity of P. costata seems to be spatially limited to small areas, as revealed by our walking surveys and the absence of recorded movement of individuals among populations, probably due in part to the fact that Pimelia species are flightless (Moya et al., 2006) . This small-scale spatial foraging behaviour seems to be similar to that shown in studies of other Pimelia species, in which individuals marked in a particular zone were recaptured in the same zone, and only occasionally in other areas (Fallaci et al., 1997) . Although the number of recaptured beetles was relatively small in this study, these observations could provide useful information on the limited mobility of P. costata and the extent to which C. hypocistis seeds could be dispersed by this insect. Moreover, small-scale dispersal seems to be in accordance with small population sizes of C. hypocistis. Although host plants form very large populations with thousands of individuals, C. hypocistis populations are reduced, on average less than 100 m in diameter, and with a small number of plants, regularly fewer than 100 individuals (de Vega, 2007; de Vega et al., 2008) . Our microscopic observations indicate that seeds were defecated intact, as beetle frass never contained fragments of broken seeds, and embryos showed no sign of mechanical damage. Germination is the most commonly used method for determining seed viability, but for many plant species this is not an easy task. Specifically, for most non-agronomically important root holoparasitic plants, for example those belonging to the families Apodanthaceae, Hydnoraceae, Cytinaceae, Mitrastemonaceae or Rafflesiaceae, information on germination requirements is absent or inconclusive (Kuijt, 1969; García-Franco and Rico-Gray, 1997; Hidayati et al., 2000 ; but see Bolin et al., 2009) . Despite our efforts both in the field and in the laboratory, we were unable to determine the exact germination requirements for C. hypocistis seeds. However, as an alternative to germination, there are several tests for determining seed viability (Copeland and MacDonald, 2001) . The viability tests used in this study, TTC and FDA procedures, have been widely used as accurate methods of determining seed viability of many autotrophic angiosperms (e.g. Pritchard, 1985; Bell et al., 1995; Copeland and McDonald, 2001; McDonald and Kwong, 2005) and parasitic plants (Aigbokhan et al., 1998; Daws et al., 2008; Thorogood et al., 2009) . In this study, both tests indicated that C. hypocistis seeds remained alive and viable after passage through the beetle gut, with samples arising from beetle frass having a similar proportion of viable seeds as those from unconsumed fruits. This demonstrates that beetles can act as effective seed dispersers, and may play an important role in the reproductive cycle of the plant.
Efficient seed dispersal for a parasitic plant, however, involves not only the transport of seeds but also their placement near a suitable host, as most parasitic plants have minute seeds with very little reserves that require chemical signals from hosts to initiate seed germination, and successful attachment and development (Stewart and Press, 1990; Logan and Stewart, 1991; Yoder, 1999; Bouwmeester et al., 2003 ; but see Meulebrouck et al., 2008; Mescher et al., 2009) . The seed dispersal assemblage of C. hypocistis comprises a very heterogeneous array of animals, differing widely in body size, ecological habitats and mobility, such as rodents, lagomorphs, differently sized ants and beetles (de Vega, 2007) . Few endozoochorous angiosperm species rely on as broad a taxonomic diversity of endozoochorous dispersers, and this variety probably led to a heterogeneous seed shadow.
Despite the fact that the number of fruits consumed by beetles is less than that for other putative dispersers, their importance should not be underestimated. Rodents and lagomorphs could appear to be better dispersers than beetles, as they consume a greater percentage of fruits, and potentially move seeds longer distances. However, they leave dung at ground level and not near host plant roots as beetles do. Moreover, mice and rabbits frequently consume immature fruits, in contrast to beetles which always consume mature dried fruits. In this study we observed that beetles made several visits to each fruit over several days before its pulp was depleted, and with those constant visits they could act as significant vectors for seed dispersal by spreading their frass widely. Moreover, Pimelia costata actively dug into sand to bury themselves during the hottest part of the day, increasing the probability of placing seeds near the roots of the host plant. Consequently, P. costata can be considered to be an efficient seed disperser not only because it defecates intact, viable seeds, but also because seeds are carried to favourable germination microsites. This placement of seeds close to the host root systems could also facilitate direct fungus-or mycorrhizal -seed contact, which benefits seed germination for some parasites (Watanabe, 1942; Ecroyd, 1996; Guan, 2007, 2008) , potentially including C. hypocistis. We have recently reported the existence of a tripartite association in natural conditions among Cytinus, its host plant and mycorrhizal fungi at an intimate anatomical level (de Vega et al., 2010) . However, it remains unclear whether a mycorrhizal association is necessary at the germination or establishment stage.
The fact that we found a novel form of endozoochory (by beetles) suggests that the phenomenon is not confined solely to vertebrate frugivores and is much more widespread than the limited examples previously assumed for invertebrates (Burns, 2006; Duthie et al., 2006; King et al., 2010) . Seed dispersal by beetles to below-ground microsites in proximity to host plant roots may also be vital in ensuring successful establishment of Cytinus seedlings in Mediterranean ecosystems. Consequently, future studies should consider how fruit and seed ingestion by invertebrates acts as a dispersal mechanism, particularly for those plants that possess relatively small seeds, in order to assess the global significance of this plant -animal interaction.
SUPPLEMENTARY DATA
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